The rate of uptake of propanoic acid and the cell dimensions were measured for 23 yeasts differing in their resistance to weak-acid-type preservatives. Relationships between reciprocal uptake rate, reciprocal permeability, cell volume, cell area, volume/area, and the MICs of benzoic acid and propanoic acid for the yeasts were tested by correlation analysis on pairs of parameters. The MIC of methylparaben, which is not a weakacid-type preservative, was included. The most significant relationships found were between both reciprocal uptake rate and reciprocal permeability and the MICs of propanoic and benzoic acids Cell volume, area, and volume/area were each individually correlated with propanoic and benzoic acid MICs, but less strongly. In multiple regression analyses, inclusion of terms for volume, area, or volume/area did not markedly increase the significance. The MIC of methylparaben was unrelated to the uptake and permeability parameters, but did show a correlation with cell volume/area. Schizosaccharomyces pombe was anomalous in having very low permeability. Exclusion of these outlying data revealed particularly strong relationships (P < 0.001) between both reciprocal uptake rate and reciprocal permeability and the benzoic acid MIC. MICs for Zygosaccharomyces bailii isolates were substantially higher than for the other species, and therefore Z. baillii isolates had a large influence on the regressions. However, the relationships observed remained significant even after removal of the Z. bailii data. In showing a correlation between the rate at which propanoic acid enters yeast cells and the ability of the cells to tolerate this and other weak-acid-type preservatives, but not methylparaben, the results suggest that the resistance mechanism, in which preservative is continuously removed from the cell, is a common and major determinant of the preservative tolerance of yeast species.
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Yeast species differ in their tolerance to the weak-acidtype preservatives (1, 7, 10) . Under acid conditions, preservative enters cells in its undissociated form. It was shown for Zygosaccharomyces baillii (6, 9 ) that in the presence of an energy source, preservative is continuously eliminated from the cell, thus maintaining both a low intracellular concentration of preservative anion and a high intracellular pH, but at the expense of continuous expenditure of energy. The system appears to be inducible in many yeast species, and its induction corresponds to an increase in preservative tolerance in them (8) , suggesting that it is important in determining preservative resistance. Differences in resistance among species could be due to differences in the rate of penetration of the cell by preservative, the capacity of the system to remove it, or an intrinsic sensitivity to preservative or its anion. A study of the effect of benzoic acid on the growth yields of a small number of yeasts suggested that resistant species may be less permeable than sensitive ones to undissociated benzoic acid (8) .
In the present study, the rate of uptake of propanoic acid and the cell dimensions were determined for a larger number of yeasts, and several parameters relevant to the above mechanism were calculated and tested for statistical correlations with yeast resistance to weak-acid preservatives. The response of these parameters to a preservative that cannot be handled by this mechanism, methylparaben, was also investigated.
MATERIALS AND METHODS
Statistics. Multiple correlation coefficients were calculated by using the Minitab computer program.
Growth of cells. Yeasts were grown at 25°C in yeast extract medium (pH 3.5) containing 5% glucose (7) , without the addition of preservative. Exponential-phase cells (0.1 to 0.5 mg/ml; 3 x 10' to 30 x 106 cells per ml) were used for the determination of MICs, cell dimensions, and propanoic acid uptake rates. Uptake rate and permeability. Propanoic acid uptake rates were measured at 25°C; 0.1 mM [1-14C] propanoic acid was used (9) . Permeability was calculated by using the uptake rate and membrane area (9) .
Cell dimensions. The cell area and volume were determined by using phase-contrast microscopy, taking the outer edge of the phase-dark zone as the cell surface. This corresponded to the point of contact between cells in most species and to the maximum zone of staining when direct microscopy and several different stains were used. However, some species, including Z. bailii, appeared to have a less substantial structure outside the principal phase-dark boundary, which was ignored for the purpose of the calculations. The membrane area (A), the cytoplasmic volume (V), and the volume/area ratio (V/A) were (Table 1) . Most were isolated from spoiled foods which had contained preservative. Several isolates of Z. baillii were included, reflecting the prevalence and importance of this species. Six cultures were from different products in Australia, and all were very resistant. Strain FRR2476 was isolated from cider in the United Kingdom and was less tolerant of benzoic acid. Z. bisporus and Z. rouxii were included as representatives of the same genus as Z. baillii and were isolated from spoiled foods not containing preservative. Saccharomyces cerevisiae FRR1298 is a wine isolate. Four cultures were unselected common laboratory strains and had low preservative tolerance.
Parameters. A number of parameters relating to permeability, size, and preservative resistance were considered in the regression analyses, but they are not all independent. The membrane area (A) is an important parameter in nonspecific transport processes such as permeation of undissociated preservatives. The cytoplasmic volume (V) was calculated to give an indication of the metabolic capacity of the cell. The ratio of cytoplasmic volume to area (V/A) may determine the ability of the cytoplasm to cope with the flux of preservative through the membrane. These three parameters were each calculated from the cell dimensions and are not independent. The uptake rate (R) is an independently determined parameter. Propanoic acid was used in preference to benzoic acid because its generally slower uptake allowed more accurate determination of rates. The permeability (P) was calculated from R and A and is therefore not independent of these parameters. Reciprocals of rate (1IR) and permeability (1P) were included because of the negative correlations and hyperbolic distributions observed between the direct parameters and preservative resistance and because under the preservative cycling model, linear relationships between the reciprocal values and the MICs of preservative were expected. Resistance to weak-acid-type preservatives is highly correlated among species (7, 10) . The MIC of benzoic acid for preservative-adapted cultures was taken as being the parameter most relevant to preservative resistance, but correlations were also calculated for propanoic acid and for unadapted cells. The MIC of methylparaben was included as a control, since methylparaben cannot function in the weak-acid-cycling mechanism, but its MIC may give a measure of a general direct sensitivity of yeasts to otherwise similar compounds. The data are shown in Table   1 .
Correlation matrix. Correlations between the parameters are shown in Table 2 . 1/R and 1/P were significantly correlated with the benzoic acid MIC. Similar but negative correlation coefficients were found for R and P, showing that the relationship was evident not only among the more resistant species, which are effectively more weighted in the reciprocal relationship, but also among the sensitive ones, which have a greater influence on the direct comparison. V, A, and V/A were also correlated with the benzoic acid MIC, but less strongly. V/A gave the best relationship. It was very highly correlated with the cell diameter (R = 0.97), which, in practice, would be much simpler to measure. In general, the relationships with the benzoic acid MIC applied similarly to the MICs of unadapted benzoic acid and propanoic acid. On the other hand, there was only a slight relationship between the MIC of methylparaben and R or P, although a relationship with V/A was apparent.
Distribution of data. The plot of 1/P against the benzoic acid MIC (Fig. 1) showed most of the organisms forming a single cluster but with two outlying clusters. A group of six points with exceptionally high preservative resistance consisted of strains of Z. baillii, and two points at exceptionally high 11P were strains of Schizosaccharomyces pombe. In the plot of V/A (also V and A separately [data not shown]) against the benozic acid MIC (Fig. 2) , the six Z. baillii points were again distant from the main cluster of data. The presence of these outlying points could severely distort the statistical analysis. Therefore, the data were analyzed separately after exclusion of each group. Removal of both the Z. baillii and the Schizosaccharomyces pombe data increased the correlation coefficients for all the permeability, uptake rate, and size parameters ( Table 3) , showing that the relationships found by using the full data set remained fully applicable to the remaining species. Inclusion of the Schizosaccharomyces pombe data reduced the correlation coefficient for 1/P only slightly. However, the slope (0.25) was different from that of the main cluster (1.16) and the significance was reduced, suggesting that this species is atypical in the relationship between permeability and benzoic acid resistance. On the other hand, it did not appear to be unusual with respect to volume and area. A very low coefficient was shown with respect to volume and area. The very low coefficient shown with respect to resistance to methylparaben shows that for most species there is very little relationship between resistance to methylparaben and resistance to benzoic acid and that the correlation found depends heavily on the presence of Z. baillii. Examination of the effect of excluding only the Schizosaccharomyces pombe data confirmed its atypical permeability properties. Regression coefficients for 1/P and 1/R increased to 0.935 and 0.951, respectively, indicating a very close relationship (P < 0.001) between the permeability of yeast cells and preservative resistance. V/A retained a significant (P < 0.01) relationship to resistance, whereas volume and area became less significant.
1/P had no clear relationship with resistance to methylparaben. Schizosaccharomyces pombe had low resistance and low permeability (Fig. 3 ). Z. baillii had high resistance and low permeability, and no trend was evident among other species.
Multiple regression analysis. When the Schizosaccharomyces pombe data were excluded, both 1/R and 11P gave very good predictions of the benzoic acid MIC (Table 4) . V/A, when included, contributed to the sums of squares of the regression but gave only a slight overall increase. Significance decreased as a consequence of the loss of one degree of freedom (Table 4) . Methylparaben made practically no further contribution to the sum of squares. All the regressions were highly significant and accounted for nearly 90% of the total variability.
The same conclusions applied even when the Z. baillii data were excluded. Inclusion of V/A increased the significance of the 1/P regression slightly but had little effect on 11R. Analysis of the full data, including the Schizosaccharomyces pombe data, also yielded highly significant (P < 0.001) predictions based on 1/R or 1/P and V/A. Inclusion of methylparaben data further improved the predictions, but this was due only to its ability to reconcile the anomalous Schizosaccharomyces pombe data.
Relationships within species. In three species, S. cerevisiae, Z. rouxii, and Saccharomycodes ludwigii, differences in benzoic acid resistance were associated with corresponding differences in permeability. In addition, the resistant strains of S. cerevisiae were much larger and had a greater V/A than the sensitive bakers' yeast strain. The two strains of Z. bisporus differed significantly in benzoic acid resistance but had similar permeabilities. However, the more sensitive strain was smaller (with a lower V/A ratio) and was less tolerant of methylparaben. Both strains had higher permeabilities and were considerably smaller than Z. baillii. Both strains of Schizosaccharomyces pombe had very low permeabilities, which distinguished them from other species. Because of the major difference in morphology and mode of cell division between this genus and most of the other yeasts, it is not surprising that it did not closely fit the pattern shown by them. Schizosaccharomyces pombe was sensitive to methylparaben, and it is possible that its lower-than-expected tolerance of benzoic acid was due to an intrinsic sensitivity to both substances. Among the six resistant strains of Z. baillii there was only a slight relationship between differences in size, permeability, and resistance. However, strain FRR2476 was less resistant and correspondingly had a higher permeability and slightly smaller size than the other strains.
DISCUSSION
The statistical relationships between the uptake rate and permeability parameters and preservative resistance suggest (9) . The biochemical basis for the difference in permeabilities among species is presently unknown. Degradation and partial removal of the cell wall in Z. baillii did not increase the permeability to propanoic acid (9) , suggesting that the cell membrane rather than the cell wall was the prime permeability barrier. Analysis of the data of Kaneko et al. (3) for lipid composition, as well as the present data for MIC, 1P, and 11R, for six yeast species for which there were corresponding data showed an increase in phosphatidylcholine and phosphatidylserine levels and a decrease in the phosphatidylethanolamine level with increasing MIC, 1P, and 11R. However, the relationships were not statistically significant (P > 0.15). Among a smaller number of species, no relationships between the fatty acid composition and MIC were evident.
The observation that resistance to weak-acid preservatives (but not to methylparaben) is related to permeability to undissociated propanoic acid supports conclusions, drawn from growth yield and adaptation data (8) , that the operation of the preservative elimination system is an important component in enhancing preservative tolerance. The major physiological variable determining differences in preservative resistance among species appears to be the permeability of the membrane to preservative, but differences in the V/A ratio of cells, as well as differences in their energy metabolism and intrinsic sensitivity to preservative, may also contribute.
